INTRODUCTION
Two decades have passed since endovascular treatment of cerebral aneurysms with platinum coil embolization was introduced into clinical practice. 1 2 This treatment has become accepted worldwide as an effective and less invasive alternative to surgical clipping to occlude ruptured and unruptured cerebral aneurysms. The most representative large-scale clinical study, the International Subarachnoid Aneurysm Trial, revealed a significantly lower rate of immediate morbidity and mortality in endovascular coiling than in surgical clipping. 3 However, medium-and long-term follow-up of patients treated with coil embolization has shown that some cases undergo compaction of the coil ball and recanalization or regrowth of the treated aneurysm. [4] [5] [6] [7] Various types of coils have been developed to circumvent these disadvantages of coil embolization, including bioactive coils and hydrogel-coated coils. These innovative coil technologies have contributed to a reduction in the recanalization rate, but the problems associated with recanalization have not been completely resolved. 8 9 Improvement in the mechanical properties of coils has been achieved by approaches that reduce the stiffness of the platinum element wire and soften the coils to improve handling properties. The EDcoil-10 Extra Soft (EDC-10 ES; Kaneka Medix Corporation, Osaka, Japan) is an extremely soft coil manufactured with an unprecedentedly small diameter of the element coil wire (0.0014 inches). Although the coil is a bare platinum coil, it allows higher packing and contributes to a better outcome through its excellent handling properties due to the extreme softness of the coil. The EDC-10 ES is now commonly used for coil embolization, but the clinical performance of the coil has not been examined in detail. The purpose of this study was to examine the clinical efficacy and safety of the EDC-10 ES for treatment of aneurysms as a representative extremely soft bare coil.
MATERIALS AND METHODS Patient background and aneurysm characterization
From April 2008 to December 2010 the EDC-10 ES coil was used in endovascular coil embolization of 92 consecutive cerebral aneurysms in 89 patients in our hospital. These cases were judged to be suitable for embolization after evaluation by neurosurgeons and neurointerventionalists or because the patient refused clipping. The clinical records of these cases were retrospectively analyzed to evaluate the clinical efficacy and safety of the coil.
The background of the patients and aneurysm characterization are summarized in three-dimensional coils were used as framing coils at initiation of embolization. The EDC-10 ES was mainly used in the middle and later stages of the procedure, and most frequently as a finishing coil in the final stage in all aneurysms.
Angiographic evaluation
A three-dimensional angiogram was recorded immediately after treatment and at follow-up using a biplane system (BRANSIST Safire, Shimadzu, Kyoto, Japan). The size of aneurysms in three planes (height, length and width) was measured on the threedimensional angiograms with reference markers included in the view. The maximum aneurysm size was defined as the longest dimension. The aneurysm sac volume was calculated using the following equation:
Aneurysmal sac volume ¼ ð4=3Þ Â p Â ðlength=2Þ Â ðwidth=2Þ Â ðheight=2Þ:
The volume of the inserted coil was calculated as follows: Coil volume ¼ p Â ðdiameter of coil=2Þ 2 Â ðlength of coilÞ-Packing density (%) was calculated by dividing the volume of inserted coils by the volume of the aneurysm×100. The percentage EDC-10 ES volume was calculated by dividing the volume of the inserted EDC-10 ES by the total volume of inserted coils×100.
The neck size indicates the length of the aneurysm orifice plane and the dome size was obtained by measuring the distance between the orifice plane and the fundus of the aneurysm. The degree of aneurysmal occlusion was graded using a modified three-point Raymond score (RS) where RS1 indicates complete obliteration of aneurysm and neck; RS2 indicates small neck remnant without contrast filling of the aneurysm sac; and RS3 indicates contrast filling of the aneurysm sac. 10 
Statistical analysis
Linear regression analysis was performed to evaluate the relationships of packing density with dome to neck ratio, maximum aneurysm size, percentage EDC-10 ES volume and aneurysm volume. Statistical analysis was performed using SPSS software V. 16 .0 (SPSS, Chicago, Illinois, USA).
RESULTS

Initial and follow-up angiographic outcomes
Quantitative and angiographic results are summarized in table 2. The mean±SD packing density was 29.5±10.6% (range 15.8- Of the 63 aneurysms initially graded as RS1, 47 were stable and evaluated as RS1, 1 had degraded to RS2 and the other 15 had been lost to follow-up at 6 months after treatment. Of the 11 aneurysms initially graded as RS2, 2 had improved to RS1, 5 were stable, 2 had degraded to RS3 and 2 had been lost to follow-up at 6 months. Of the 18 aneurysms initially graded as RS3, 7 had improved to RS1 or RS2, 2 were stable, 3 had worsened within the RS3 grade, 1 had been retreated and 5 had been lost to follow-up at 6 months.
In total, one ruptured aneurysm was retreated due to recanalization and 22 were lost to follow-up during the 6-month follow-up period, included 19 ruptured and 3 unruptured aneurysms. Therefore, 69 aneurysms (38 ruptured and 31 unruptured) were subjected to angiographic evaluation at 6 months after treatment. Compared with the initial results, the angiographic outcome improved in 7 (10.1%) cases, worsened in 6 (8.7%) and remained at the same grade in 56 (81.2%). Thus, 54 (78.3%) of the 69 aneurysms were graded as RS1, 8 (11.6%) as RS2 and 7 (10.1%) as RS3 at 6 months after treatment. Of these 69 aneurysms, the 6 degraded aneurysms were considered to be recanalized. With addition of the one early recanalized aneurysm during the follow-up period, the overall recanalization rate was 7/70 (10.0%).
Clinical and technical complications
Clinical complications were observed in three of the 92 patients (3.3%), including one aneurysmal perforation with no symptoms and two ischemic complications, including one that caused a permanent deficit in the visual field and one transient deficit. There was no technical complication including unraveling of coils during the embolization procedure.
Factors affecting the packing density
Linear regression analysis was conducted to examine parameters with a possible effect on packing density. There was no significant correlation between the dome to neck ratio and packing density (figure 1A; R=0.12; 95% CI −4.74 to 1.29; p=0.258). Aneurysm volume had a weak but significant correlation with packing density (figure 1B; R=0.38; 95% CI −0.04 to −0.01; p<0.001) whereas, interestingly, perentage EDC-10 ES volume had a stronger significant correlation (figure 1C; R=0.55; 95% CI 0.16 to 0.30; p<0.001).
DISCUSSION
Coil embolization is widely accepted as a safe and effective treatment option for cerebral aneurysms 3 11 but the high rate of recanalization is a remaining problem. The rate of recanalization of aneurysms embolized with bare platinum coils can be as high as 20-40%. 10 12-14 Second-generation aneurysm embolization coils, including surface-modified coils, have been developed to reduce this high recanalization rate. The matrix coil was the first surface-modified coil, with the wire strand coated with biodegradable polymer to induce mild inflammation and accelerate intra-aneurysmal clot formation, thus preventing inflow of circulating blood from the parental artery to the aneurysmal sac. 15 16 However, the initial results with the matrix coil were not satisfactory in terms of reduction of the recanalization rate, which still remained at well over 10%. These disappointing results were attributed to inadequate packing of the aneurysm due to handling difficulties of the coil caused by friction produced by the uneven surface design of the coated polymer. 8 9 The surface of a subsequent coil, Matrix 2, was therefore refined to reduce friction, and the markedly improved operability permitted attainment of a recanalization rate of less than 10%. 17 Cerecyte is another bioactive coil that includes a strand of biodegradable polymer inside the primary wind of the coil to improve ease of handling. The surface of the coil is as smooth as an ordinary bare platinum coil and coil friction is reduced. In a report of initial experience and early follow-up results with Cerecyte treatment, Butteriss et al found a reasonably favorable recanalization rate of 20.6% in cases treated exclusively with Cerecyte coils after a 6-month follow-up period. 18 Linfante et al obtained better results with only five cases of recanalization in 45 cases (11.1%) at 12-month follow-up angiography. 19 These results suggest that improved handling properties contribute to reducing recanalization.
The HydroCoil is an innovative surface-modified coil coated with a swelling hydrogel to increase the embolization volume. 20 While the coil acquires higher packing density than the same volume of platinum coils by expanding the coil volume after deployment, handling is not optimal mainly because of the stiffness and friction of the coil caused by the hydrogel overlaying the coil surface. Thus, improvement of the recanalization rate with the HydroCoil has not been as good as expected. Gunnarrson et al found average recanalization rates of 17.7% for small aneurysms (<10 mm) and 28.6% for large aneurysms (10-25 mm) at a mean follow-up of 16.3 months 21 while Deshaies et al found Figure 1 Linear regression analyses between packing density and (A) dome to neck ratio, (B) aneurysm volume and (C) ED coil-10 Extra Soft (EDC-10 ES) volume rate. Dome to neck ratio had no significant correlation with packing density while aneurysm volume and EDC-10 volume rate showed significant correlations with packing density.
a recanalization rate of 15% after 1-year follow up in 67 cases, although a better rate of 6% was obtained in small aneurysms (<15 mm). 22 However, a recent report showed an excellent outcome for a novel type of HydroCoil, the HydroSoft coil, in a Korean multicenter study of angiographic follow-up data performed 6 months after coil embolization, with recanalization in only three (2.9%) of 105 aneurysms. 23 Unlike the HydroCoil, the HydroSoft coil is a platinum coil with an inner core of hydrogel. The coil is therefore softer and smoother than the HydroCoil. These properties are likely to improve the operability of the coil and contribute to a reduction in the rate of recanalization. Thus, the findings to date indicate that improved operability is important in reducing recanalization.
The EDC-10 ES is a bare platinum coil with excellent handling properties attributable to the following features. First, the coil is extremely soft due to an unprecedentedly small diameter of the element wire (0.0014 inches) and also because the very flexible pusher wire system has an excellent preventive effect on microcatheter kickback. Second, detachment of the coil is rapid and secure based on the electrodetachable system with a polyvinyl alcohol (PVA) rod at the junction of the platinum coil and delivery wire. By applying high-frequency electric current from the proximal end of the delivery wire, the PVA junction is instantly disrupted by heat generated by electricity conduction and the coil is detached quickly and securely. In addition, the detachment point can be detected by sound in a case in which detection cannot be achieved with angiography. The EDC-10 ES also has the lowest profile of 1.5 mm in diameter and 1 cm in length, which facilitates embolization of small gaps with coil mass. These characteristics of the coil lead to its frequent use in the final stage of aneurysm embolization to allow insertion of more coils and increase the packing density. We experienced many cases in which EDC-10 ES coils smoothly entered an aneurysm in cases in which ordinary coils could not be inserted.
In our treatment series, the EDC-10 ES was used in the final stage of embolization in all cases and the overall percentage EDC-10 ES volume of 40.5% led to an average packing density of 29.5%. Several studies of the relationship between packing density and the stability of embolized aneurysms have shown that packing density is the most important factor affecting the rate of recanalization. Yagi et al performed angiographic follow-up of 57 aneurysms embolized solely with GDCs for more than 6 months and showed that aneurysms with a packing density <25% were significantly more frequently recanalized than those with a packing density >25%. 24 Sluzewslki et al also demonstrated that inserting as many coils as possible into an aneurysm is beneficial in terms of avoiding recanalization by showing no recanalization in aneurysms with a packing density ≥24% at 6 months follow-up. 25 Other reports have also presented critical packing densities related to the incidence of recanalization, varying from approximately 20%-30%. 26 27 A packing density of almost 30% was obtained in our treatment series, which should be sufficient for inhibition of recanalization based on the earlier studies.
To clarify the beneficial effects of the coil, numerical parameters including the percentage EDC-10 ES volume were examined as potential factors that affected the packing density. In linear regression analysis, a smaller aneurysm volume and a larger percentage EDC-ES volume significantly increased packing density whereas the dome to neck ratio had no significant effect ( figure 1) . Interestingly, the percentage EDC-10 ES volume showed a higher correlation coefficient (R=0.55) than that for aneurysm volume (R=0.38). Therefore, use of more EDC-10 ES coils may contribute to a higher packing density.
Regression analysis between packing density and the percentage EDC-10 ES volume also provides a rough indication of the EDC-10 ES volume required for preventing recanalization. Assuming that a 25% packing density is an index for stable embolization, a 17.6% EDC-10 ES volume is required based on the regression equation deduced from the analysis shown in figure 1C . In fact, we used EDC-10 ES coils as 40.5% of the total volume and obtained a packing density of 29.5%. Thus, using more EDC-10 ES coils is likely to contribute to increasing the packing density. Achievement of adequate packing then reduces the recanalization rate.
In this study we examined the clinical records of 92 aneurysms treated with coil embolization in which at least one EDC-10 ES coil was used, with the goal of evaluating the efficacy and safety of this coil. Although the EDC-10 ES is an extremely soft bare platinum coil, the overall results were comparable to those for most studies using second-generation coils. Throughout our treatment series only three (3.3%) periprocedural complications occurred (table 2) and none were due to the properties of the coil. This result shows the safety of the EDC-10 ES. The rate of complete occlusion (RS1) was 68.5% (63/92) at the point of initial treatment which improved to 78.3% (54/69) at 6 months later. Recanalization occurred in only seven of 70 aneurysms (10.0%) in our treatment series, indicating a similar or better recanalization rate than most reported series.
The main limitation of this study is that data were examined from a small number of cases based on a short-term follow-up period. Another limitation is the study design of retrospective observation. Therefore, the results require validation in a multicenter prospective cohort study with a larger number of cases and a longer follow-up period. Within these limitations, we found that the EDC-10 ES coil has excellent handling properties due to the softness of the coil filament and that these beneficial properties led to adequate embolization and a higher packing density. This contributed to a reduced recanalization rate comparable to that of second-generation coils.
CONCLUSION
Embolization of cerebral aneurysms with an extremely soft bare platinum coil (EDC-10 ES) resulted in a favorable packing density and recanalization rate. These results show that improvement of the mechanical properties of embolization coils produces desirable effects on handling properties and contributes to a better outcome.
